Abstract: A compact quadrature coupler -using intertwined mutual inductors by the proposed GaAs integrated passive device (IPD) process -is developed by considering the quality factor of inductor and minimum insertion loss for the long term evolution (LTE) applications. At the center frequency of LTE bands 5 and 8, the quadrature coupler achieved À3.45 dB of insertion loss S 21 and À3.43 dB of coupling S 41 with less than 0.65 degrees of phase error over the frequency range. The reflection coefficient S 11 and the isolation S 31 are À24.32 dB and À23.45 dB, respectively. This coupler can be usable for a compact quadrature 3-dB divider/combiner as partial component of a balanced power amplifier.
Introduction
Recent wireless communication systems require high level of integration, and compact size and minimum loss of implementation are one of the most important design requirements for the integrated wireless communication systems. Integrated passive devices (IPDs), which are specialized for passive component design, provide a mass production advantage due to their low cost and excellent performance compared to the other passive technologies. Therefore, many wireless communication integrated circuits employ an IPD process to implement the passive components. Specifically, the proposed IPD process on GaAs substrate provides high substrate resistivity and a high quality factor of the inductor, and the advantages lead to small losses, lower eddy currents, and fewer signal couplings [1] . Moreover, long-term evolution (LTE) applications, which represent 4G networks with highspeed communication, are becoming dominant in the wireless market. Among the LTE operating frequencies, bands 5 and 8, which have a frequency range from 824 MHz to 915 MHz, are among the most popular frequency bands for LTE applications.
In this work, we present a compact quadrature coupler fabricated using an IPD process on GaAs substrate for LTE band 5 and 8 applications. With the high resistivity of GaAs substrate and excellent performance of IPD process, this coupler achieved less than 0.45 dB of insertion loss while maintaining less than 1 degree of phase error over the operating frequency range.
2 GaAs IPD process and circuit design Because GaAs substrate has 10 Mohm-cm of high substrate resistivity compared to 10 ohm-cm of Si substrate, the IPD process can achieve higher quality factor of inductor by reducing the conductive leakage path of inductor energy [2] .
As the IPD fabrication procedure, a seed metal is firstly sputtered prior to the subsequent plating process, and the wafer is then masked to define the bottom metal layer structures. A plating of Cu/Au is used to produce both the bottom metal layer for the metal-insulator-metal (MIM) IEICE Electronics Express, Vol.10, No.13, [1] [2] [3] [4] [5] capacitors and the metal beeline and rings for the spiral inductors. Next, a Si 3 N 4 layer is deposited and masked to define the dielectric for the capacitor. Next, a seed metal layer followed by an air-bridge post-photo process is deposited. An air-bridge patterning process is then performed prior to the Cu/Au top metal plating process, by which the top metal and the air-bridges are formed for the capacitors, with the air-bridge interconnections being formed at the broken coil paths around the metal beelines for the spiral inductors.
With the GaAs based IPD process, the quadrature coupler is designed for LTE applications. The schematic and the layout of the quadrature coupler are depicted in Fig. 2 (a) . The two inductive metal lines are 15 m in width to achieve a high quality factor for the inductor, and the lines are intertwined to increase the mutual inductance. The spacing of the metal lines is also chosen as 15 m to achieve the required coupling coefficient. The inductance of the lines are calculated by L = imag(Z)/2f. The quality factor of the inductor is calculated by Q = imag(Z)/real(Z), and the magnetic coupling strength between the first winding and the secondary winding is indicated by k = M/sqr_root(L 1a ・L 1b ), where M is the mutual inductance between the first winding and the secondary winding. This design exhibits a coupling coefficient of 0.717 at 869 MHz, and a quality factor of 19.2 is achieved, as is shown in Fig. 2 (b) . EM simulation has been performed using Agilent Momentum. Based on the electromagnetic (EM) simulation result, 5.85 nH of L 1a,b and 2.14 pF of C 1 are implemented on the GaAs substrate, and it includes the parasitic capacitance to substrate of Quality factor and coupling coefficient of the inductor.
0.7 pF and the overall series resistance of 1.66 ohm the inductor.
Measurement results
Figure 3 (a) shows a microphotograph of the IPD quadrature coupler. The coupler, including the bonding pads, has a size of 0.726 mm×0.838 mm, and it is assembled onto an FR-4 printed circuit board (PCB) with four port 50-ohm impedance terminations for the measurement. The measurement results include the PCB, cable, and bonding inductance losses. Figure 3 ( Fig. 3 (d) . As the table shown, this work has a very compact size and the smallest insertion loss compared to those reported in other works.
Conclusion
A very compact and small-loss quadrature coupler using intertwined mutual inductors was fabricated. The transformation of the intertwined mutual inductors resulted in the compact size and the high Q factor of the inductors is achieved on the GaAs IPD process. The coupler is designed for LTE applications of bands 5 and 8, and it achieved less than 0.45 dB of insertion loss, while maintaining 1 degree of phase error over the operating frequency range. The reflection coefficient and the isolation are À24.32 dB and À23.45 dB, respectively. This small-loss and high-isolation coupler can be applicable in wireless communication system for LTE applications.
